brates. This generated a scenario where Foxl2 is predominantly expressed in ovarian somatic cells and Foxl3 in male germ cells. To support this hypothesis, we provide original results showing that in the pea aphid (insects) foxl2/3 is predominantly expressed in sexual females and showing that in bovine ovaries FOXL2 is specifically expressed in granulosa cells. Overall, current results suggest that Foxl2 and Foxl3 are evolutionarily conserved players involved in somatic and germinal differentiation of gonadal sex.
initially identified in Drosophila [Weigel et al., 1989] . The Forkhead domain, which contains 80-100 amino acids, is composed of 3 α-helices linked with a β-sheet followed by 2 loops or wings and binds to the major groove of DNA through its H3 helix . This binding specificity of Forkhead proteins relies on non-conserved sequences in the basic region of the wings which interact with the adjacent DNA backbone [Obsil and Obsilova, 2008 ] on a core consensus sequence (5 ′ -RYAAAYA-3 ′ ; R = purine (A or G), Y = pyrimidine (C or T)) [Georges et al., 2010] . Fox genes have been identified in all descendants of the last common ancestor of animals and fungi [Nakagawa et al., 2013] with at least 4 Fox genes in yeast, 16 in Drosophila melanogaster , and 50 in the human genome [Jackson et al., 2010] . Being involved in major signaling pathways such as TGF-ß, Wnt/ β-catenin, hedgehog, MAPK, and insulin/IGF, the Forkhead proteins regulate many key processes including embryonic development, cell cycle regulation, cell survival, immunoregulation, metabolism, tumorigenesis, and aging [Lehmann et al., 2003; Wijchers et al., 2006; Hannenhalli and Kaestner, 2009; Benayoun et al., 2011] .
Since their discovery, some Fox genes have been shown to be implicated also in gonadal regulation and sex development with, for instance, Foxc1 , Foxl2, and various FoxO genes that have been reported to be implicated in the control of ovarian function [Uhlenhaut and Treier, 2011] , and Foxj2 , Foxp3 , and Foxo1 in spermatogenesis and testis function [Granadino et al., 2000; Goertz et al., 2011; Jasurda et al., 2014] . Among all these genes, Foxl2 has attracted particular attention during the last 15 years as a key player due to its involvement in sex differentiation and oogenesis [Baron et al., 2005; Benayoun et al., 2009; Veitia, 2010; Boulanger et al., 2014; Georges et al., 2014a; Nicol and Yao, 2014] . A substantial amount of information on FOXL2 action was initially acquired from studies in humans and other mammals, and many excellent reviews have already been published, most centered on the roles of FOXL2 in normal or pathological female development in mammals and/or vertebrates [Fuhrer, 2002; Baron et al., 2005; De Baere et al., 2005; Benayoun et al., 2009 Benayoun et al., , 2010 Beysen et al., 2009; Kobel et al., 2009; Pisarska et al., 2011; Uhlenhaut and Treier, 2011; Biason-Lauber, 2012; Caburet et al., 2012; Verdin and De Baere, 2012; Takahashi et al., 2013; Georges et al., 2014a; Rosario et al., 2014; Leung et al., 2016] . The present review focuses on ' foxl2 ' genes in light of recent findings on their evolution, expression, and roles in sex differentiation in animals.
An Introduction to Foxl2: Early Findings, the Mammalian View
Mutations in the FOXL2 gene were found to be responsible for blepharophimosis-ptosis-epicanthus syndrome (BPES, OMIM #110100) in humans, a condition involving eyelid malformations and premature loss of ovarian function [Crisponi et al., 2001] . FOXL2 was initially named PFRK for pituitary forkhead factor based on its first identification as a gene expressed in the pituitary [Kioussi et al., 1999] . In this tissue, FOXL2 was found to be expressed in all gonadotropes and thyrotropes and a small fraction of prolactin-containing cells during pregnancy, but not in somatotropes or corticotropes. As first demonstrated in the above-mentioned BPES phenotype, FOXL2 is also involved in cranio-facial development [Crisponi et al., 2001] . In BPES in humans, FOXL2 haploinsufficiency leads to eyelid malformation [Beysen et al., 2008] , but its total loss of function (complete knockout leading to homozygous null mutations) in mice [Schmidt et al., 2004; Uda et al., 2004] and goats [Boulanger et al., 2014] results in a complete absence of eyelids. Moreover, in cranio-facial development, Foxl2 is involved not only in eyelid differentiation but also in extraocular muscle and bone differentiation [Heude et al., 2015] . Foxl2 is also expressed both by cranial neural crest cells (CNCCs) and by cranial mesodermal cells (CMCs), which give rise to skeletal (CNCCs and CMCs) and muscular (CMCs) components of the head. Foxl2 conditional inactivation in mice, in either CNCCs or CMCs, shows that FOXL2 function in CNCCs is necessary for the development of the levator palpabrae superioris, the superior and inferior oblique muscles of the eyelid. Foxl2 deletion in either CNCCs or CMCs prevents eyelid closure and induces subtle skeletal developmental defects [Heude et al., 2015] . In addition, FOXL2 is also involved in cartilage and skeletal formation, bone mineralization, and growth as demonstrated in a constitutive Foxl2 -deficient mice model [Shi et al., 2014; Marongiu et al., 2015] .
The first demonstration of the involvement of FOXL2 in ovarian development was shown in type I BPES where affected women suffer not only from eyelid malformation but also from premature ovarian failure [Crisponi et al., 2001] . At about the same time, FOXL2 was also shown to be involved in the polled intersex syndrome in goats, where a natural deletion of 300 kb containing the FOXL2 gene and 3 long non-coding RNAs leads to the extinction of FOXL2 ovarian expression and triggers early testis differentiation and XX female-to-male sex reversal [Pail-houx et al., 2001; Pannetier et al., 2012] . Since these early results, many studies have confirmed that FOXL2 is a crucial female reproductive factor and the recent demonstration that its complete knockout triggers XX sex reversal in goats now brings FOXL2 forward as a key ovarian-determining gene [Boulanger et al., 2014] . In goats, FOXL2 knockout leads to a complete XX female-to-male sex reversal accompanied by an agenesis of the eyelid. This sex reversal is characterized morphologically in the gonad by Sertoli-like cells arranged in seminiferous cords, presence of Leydig cells and interstitial cells. XX goat fetuses homozygous for FOXL2 loss-of-function mutations are also marked by a more abundant presence of testosterone and complete male genitalia. Moreover, male markers such as DMRT1 and SOX9 are abundantly expressed in the gonad [Boulanger et al., 2014] . Consistent with this finding, it has been concluded that FOXL2 is necessary for the development of the ovary and for maintaining its fate throughout life by preventing any male cues. Other Foxl2 knockout experiments have also been performed in the mouse [Schmidt et al., 2004; Uda et al., 2004] . Despite a strong perinatal lethality, mice lacking Foxl2 develop normally until birth and with no perinatal sex reversal [Schmidt et al., 2004; Uda et al., 2004] . Foxl2 loss of function in female mice, however, triggers sterility: the ovaries are small and disorganized where primary follicles are not formed and can't complete maturation. Granulosa cells transdifferentiate into Sertoli-like cells and acquire male characteristics, including the expression of Sox9 , Amh, and other genes involved in testicular fate [Ottolenghi et al., 2005] . The overexpression of Foxl2 in XY mice leads to disorganization of the seminiferous tubules and the development of ovotestis-like gonads, while Foxl2 ablation in XY male does not affect testis development [Schmidt et al., 2004; Uda et al., 2004; Ottolenghi et al., 2005] . In conditional adult mice, Uhlenhaut et al. [2009] demonstrated that FOXL2 normally acts to prevent the transdifferentiation of granulosa cells into Sertoli-like cells and theca cells to Leydig-like cells by continuously repressing the key testis gene Sox9 in adult ovaries.
It is interesting to note that FOXL2 loss of function affects gonad development differently in goat and mouse. In goat, a complete sex reversal is observed, while in mouse this is only partial. This difference has been suggested to be in relation with an important role of FOXL2 as a key regulator of steroid synthesis, especially estrogen production [Pannetier et al., 2006; Wang et al., 2007; Elzaiat et al., 2014] . In non-mammalian vertebrates, like fish for instance, the aromatase enzyme (Cyp19a1a), needed for estrogen synthesis, is a key enzyme for gonadal sex differentiation, as the presence of estrogens is necessary for ovarian differentiation [Guiguen et al., 2010] . In mice, neither estrogen receptors nor aromatase are present during the fetal period [Fisher et al., 1998; Couse et al., 1999] , but in other mammalian species the presence of estrogen seems to be required to achieve a complete feminization of the gonad [Boulanger et al., 2014] . During the fetal period, FOXL2, through its action on the Cyp19a1 promoter, leads to the synthesis of estrogens at least in goat and humans [Pannetier et al., 2006; Fleming et al., 2010] . The absence of a complete sex reversal in Foxl2 knockout mice may then be the reflection of this different sensitivity of gonadal sex differentiation to estrogens [Boulanger et al., 2014] .
The role of FOXL2 in ovarian differentiation seems to be highly conserved among vertebrates, as for instance FOXL2 is one of the earliest sexually dimorphic genes during ovarian development along with Follistatin and CYP19 aromatase, 2 demonstrated promoter targets of FOXL2 [Pannetier et al., 2006; Auguste et al., 2011; Kashimada et al., 2011] . FOXL2 has also been shown to be crucial for sex fate maintenance through its antagonism with DMRT1. In mice, DMRT1 directly represses Foxl2, among others, and prevents transdifferentiation in postnatal testis and adult testis [Matson et al., 2011; Minkina et al., 2014] . Moreover, retinoic acid signaling promotes male gametogenesis and could trigger Sertoli to granulosa cell transdifferentiation by activating female genes such as Foxl2 in the absence of Dmrt1 [Minkina et al., 2014] . To protect the testicular fate, DMRT1 restricts retinoic acid receptor (RARα) activity in Sertoli cells, preventing the induction of Foxl2 expression [Minkina et al., 2014] . In addition, ectopic expression of DMRT1 silences Foxl2 expression in granulosa cells independent of Sox9 expression [Lindeman et al., 2015] . Recently, it has also been reported that FOXL2 directly binds to the estrogen receptor 2 (Esr2 or Er-β) promoter regulating estrogen signaling in granulosa cells, which confirms a positive feedback loop of estrogen regulation [Georges et al., 2014b] . Moreover, this study suggested that FOXL2 by regulating estrogen signaling indirectly reinforces the repression of Sox9 [Georges et al., 2014b] . In a conditional deletion of Foxl2 in adult mice ovarian follicles, FOXL2 and estrogen receptor (ESR1 or ER-α) synergistically interact and repress the gonad-specific enhancer element TESCO in the Sox9 promoter [Uhlenhaut et al., 2009] .
This role of FOXL2 in ovarian differentiation seems to be highly conserved among vertebrates, as on one hand, FOXL2 is one of the genes expressed earliest in ovarian DOI: 10.1159/000447611 114 development along with Follistatin and CYP19 aromatase, 2 demonstrated promoters targets of FOXL2 [Pannetier et al., 2006; Auguste et al., 2011; Kashimada et al., 2011] . On the other hand, FOXL2 has been clearly linked to control steroid synthesis, especially estrogen production, representing a crucial event of sexual differentiation in non-mammalian vertebrates, where changing sex steroid hormones induces sexual fate change into one sense or the other [Pannetier et al., 2006; Wang et al., 2007; Elzaiat et al., 2014] .
The Complexity of Foxl2 Gene Evolution
Foxl2 is an evolutionarily well-conserved transcription factor that has been characterized in many metazoans ( fig. 1 , table 1 ), including sponges (Suberites domuncula) [Adell and Müller, 2004] , mollusks [Naimi et al., 2009; Teaniniuraitemoana et al., 2014; Zhang et al., 2014; Tong et al., 2015] , arthropods including insects and crustaceans [De Loof et al., 2010; Ma et al., 2012; Farlora et al., 2014; Li et al., 2015] , hemichordates [Fritzenwanker et al., . See text for details. The red stars represent the 2 rounds (VGD1 and VGD2) of whole genome duplications that occurred at the root of the vertebrate lineage, the teleost-specific whole duplication (TGD) that occurred at the base of the teleost radiation, and the salmonid-specific whole genome duplication (SaGD). A few examples of species are given on the right of this cladogram within each taxon (in bold on the right). Neoteleostei is a very large clade of teleost fish including species such as cods, medakas, guppies, mollies, sticklebacks, perches, tunas, flatfishes, wrasses, pufferfishes, and pipefishes. The evolution of foxl2 in teleosts after TGD shown in this figure is based on the hypothesis of a single duplication of foxl2 after TGD leading to 2 ohnologs (foxl2a and foxl2b) followed by a secondary loss of foxl2a in the euteleost lineage. Expression pattern of FOXL2, FOXL2 and its relatives (Foxl3, Foxl3 and Foxl2/3, Foxl2/3) [Tu et al., 2006] , cephalochordates [Yu et al., 2008] , and urochordates [Yagi et al., 2003] . In vertebrates, Foxl2 evolution has been recently challenged based on the existence of highly divergent foxl2 genes that were initially identified only in some teleost fish species [Baron et al., 2004; Jiang et al., 2011] . These additional teleost foxl2 genes were initially thought to be paralogs resulting from the teleost-specific whole duplication (TGD) that occurred at the base of the teleost radiation roughly 320-400 Mya [Santini et al., 2009; Braasch and Postlethwait, 2012] . However, based on the recent availability of additional and evolutionary relevant whole genome sequences in vertebrates, 2 independent groups [Crespo et al., 2013; Geraldo et al., 2013] revisited Foxl2 evolution and demonstrated that Foxl2 is the result of a duplication of an ancestral gene at the base of the vertebrate radiation leading to 2 vertebrate Foxl2 paralogs that have been named Foxl2 and Foxl3 [Crespo et al., 2013] or Foxl2a and Foxl2b [Geraldo et al., 2013] Oriental river prawn (Macrobrachium nipponense) Ma et al., 2012] Salmon louse (Caligus rogercresseyi) [Adell and Müller, 2004] Identified means that the foxl2/3 gene is found and publicly available. The term expression is relative to its description in the original article. Each clade is separated by a line. (A) = Adult stage; (E) = embryonic stage; EST = expressed sequence tag; IHC = immunohistochemistry; ISH = in situ hybridization; (L) = larvae, NB = Northern blot; TSP = temperature-dependent sex determination; WB = Western blot; WMISH = whole mount in situ hybridization. given by Crespo and collaborators [2013] (Foxl2 and Foxl3) , because this nomenclature accounts better for additional duplicated genes that are still present in some basal teleosts ( fig. 1 ) [Crespo et al., 2013] . We then reserve foxl2a and foxl2b names for the teleost-specific foxl2 ohnologs and use Foxl2/foxl2 and Foxl3/foxl3 for the jawed vertebrate (gnatosthomes) ohnologs resulting from the duplication of an evolutionarily conserved gene found in metazoans from sponges to urochordates referred as foxl2/3 . During 1 of the 2 rounds (VGD1 and VGD2) of whole genome duplications (WGDs) that occurred at the root of the vertebrate lineage [Dehal and Boore, 2005] , the foxl2/3 gene was duplicated, resulting in 2 duplicated (ohnologous) genes foxl2 and foxl3 . In contrast to rayfin fish (actinopterygians), which all kept a single copy of the foxl3 gene, independent lineage losses occurred for Foxl3 in lobefins species (sarcopterygians), because this gene is not found in placental mammals and amphibians. Foxl3 is, however, present in the genomes of some birds, marsupials [Crespo et al., 2013; Geraldo et al., 2013] , and turtles [Crespo et al., 2013] ( fig. 1 ) .
Foxl2 and Relatives Are Evolutionary Conserved in Sex Differentiation
In contrast to Foxl3 , Foxl2 has been conserved in all vertebrates, but its evolution following the TGD is a bit more complicated. The foxl2 gene was retained as 2 TGD paralogs, i.e., foxl2a and foxl2b , in many basal teleosts (including for instance marine eels, arowanas, herrings, carps, zebrafish, catfishes, and cavefish) and kept only as a single foxl2b gene in all other teleosts. In salmonids (trouts and salmons), which experienced another round of whole genome duplication (SaGD) around 100 Mya [Berthelot et al., 2014; Macqueen and Johnston, 2014] , foxl2b was further duplicated, resulting in 2 co-orthologs of the teleost foxl2b gene, we call foxl2b1 and foxl2b2 ( fig. 1 ). This pattern of duplication could fit with the simple and parsimonious hypothesis of a single duplication of foxl2 after TGD leading to 2 ohnologs (foxl2a and foxl2b) followed by a secondary loss of foxl2a in the euteleost lineage. However, simple phylogeny reconstructions failed to provide a clear picture of TGD paralogy relationships, preventing any clear foxl2a and foxl2b ohnolog assignments among taxa [unpubl. data] . This problem may suggest a more complex evolution of teleost foxl2 genes, with multiple lineage-specific gains and losses at different levels of their evolution. More comprehensive works including for instance synteny reconstruction based on good quality genome information would be needed to get a better picture of this complex evolution.
In contrast to the shared structural features of the DNA-binding domain of Foxl2 and Foxl3, the 2 proteins have quite different C-terminal domains [Crespo et al., 2013] , and these derived proteins retain strong similarities with the Foxl2/3 protein only in the Forkhead domain ( fig. 2 ) . During evolution of eutherian mammals, FOXL2 acquired a polyalanine (polyAla) stretch of 14 alanine amino acid residues. This polyAla tract extension can vary among different individuals, leading to an insertion of 14-24 alanine residues and causing pathogenicity. Truncated FOXL2, missense mutations in the Forkhead domain, or polyAla expansion in a lengthdependent manner can trigger protein mislocalization, aggregation, and altered transactivation activities that are often responsible for BPES syndrome . FOXL2 proteins in non-eutherian mammals (monotremes and marsupials) generally lack this polyAla stretch. The absence of the polyAla tract is also observed in teleost fish despite good overall similarities with Foxl2 in eutherian mammals [Smith et al., 2013] and the presence of other homopolymer stretches of amino acid residues, including polyprolines (polyP), and polyhistidines (polyH) [Crespo et al., 2013] . However, in the cavefish Astyanax mexicanus stretches of glutamines (polyQ) are found in one of the TGD paralogs of Foxl2 (sequence accession: XP_007241719.1). This polyQ additional amino acid track is not found in the other cavefish TGD paralog (sequence accession: XP_007232357.1) or in other vertebrate Foxl2 sequences publicly available. This intriguing specific polyQ expansion of cavefish Foxl2 may indicate a neo-functionalization of this Foxl2 ohnolog in cavefish potentially through an altered or modified transactivation activity as shown for the polyAla expansion in eutherian mammals. Functional experiments in cavefish would be required to test this prediction.
Evolution of Foxl2 Expression among Metazoans: Is the Predominant Ovarian Expression a Mammalian-Biased View?
Mammals FOXL2 is mainly expressed in the somatic cells of the female gonad in mammals. Reinforcing its predominance as a female gene, reports of expression in the developing testis are still subject to debate, since the presence of FOXL2 gene products has not been unequivocally demonstrated using either sensitive quantitative methods or antibodies [Crisponi et al., 2001; Cocquet et al., 2002 Pannetier et al., 2003] ( table 1 ) . More precisely, ' Foxl2 is expressed in a female-specific manner in the gonads from 12.5 dpc on and this expression pattern is conserved between different phyla' [Loffler et al., 2003; Schmidt et al., 2004; Wilhelm et al., 2007] . Additionally, it is expressed in mesenchymal pre-granulosa and later granulosa cells before its expression stops postnatally [Schmidt et al., 2004] ( fig. 3 ) . However, besides this mammalian-based (murine?) view of a universal female pattern of expression, the FOXL2 theme might be slightly different in 'different phyla', although some parts of the refrain might be indeed similar or not. In detail, in the fetal mouse ovary, in situ hybridization revealed that Foxl2 is expressed in somatic cells that later have the potential to become granulosa, theca, or stroma cells [Pisarska et al., 2004] . Conversely, no expression of Foxl2 could be detected in oocytes [Pisarska et al., 2004] . Later, by 13 days after birth (13 dpn), Foxl2 is expressed in the granulosa cells of all follicles, while oocytes still remain devoid of any Foxl2 transcripts [Pisarska et al., 2004] ( fig. 3 , table 1 ). At 20 dpn, Foxl2 is still expressed in granulosa cells surrounding small and medium follicles, while interestingly it is also detected in a somatic subpopulation of large follicles [Pisarska et al., 2004] . In adult ovaries, FOXL2 expression is restricted to granulosa cells surrounding small and medium follicles, but it is absent in the granulosa cells of antral follicles and the They reproduce by parthenogenesis (asexual reproduction) during spring and summer but then switch their reproductive mode in autumn when the photoperiod shortens to produce truly sexual morphs that mate and lay cold-resistant eggs that overwinter. As a result, 3 distinct morphs occur during the aphid life cycle: asexual females in which the germarium contains diploid oocytes that will viviparously give rise to diploid embryos, sexual females that contain true haploid oocytes, and males that contain testis that harbor haploid spermatozoa. b Sequence alignment of medaka (Oryzias latipes) Foxl2 protein and the aphid Foxl2/3 homologue (ACYPI39630). c Domain analysis revealed a strong amino acid conservation of the typical Forkhead domain (framed in red in b ), reflected by protein domain prediction (carried out using the SMART algorithm [Letunic et al., 2006] ) of these 2 sequences. d RNA-seq data from asexual females, sexual females, and males revealed that the aphid foxl2/3 transcript is specifically expressed in sexual females.
corpus luteum [Pisarska et al., 2004] . Contrary to the situation for somatic cells the expression of Foxl2 transcripts and their translational control in germ cells and in oocytes is still unclear [Loffler et al., 2003; Pisarska et al., 2004; Schmidt et al., 2004] . As a variation on the same theme, in goat and bovine for instance, FOXL2 protein is not detected in the oocyte whereas persistent expression is clearly seen in the granulosa cells of large follicles up to ovulation although declining while maturation occurs ( figs. 3 , 4 ).
Reptiles
FOXL2 has been well characterized in only 3 reptile species that experience temperature-dependent sex determination. In both the red-eared slider Trachemys scripta and the common snapping turtle Chelydra serpentina , FOXL2 is not differentially expressed in animals during incubation at female promoting temperature (FPT) or at male promoting temperature (MPT). Its expression starts to be significantly dimorphic after the thermosensitive period at FPT [Loffler et al., 2003 Bieser and Wibbels, 2014] ( table 1 ) . In addition, in T. scripta , in situ hybridization experiments confirmed this expression pattern. FOXL2 mRNA is localized in the somatic part of developing gonads at FPT and MPT. At the end of the thermosensitive period, FOXL2 is detected in both primitive sex cords accompanied by cortical expression in the ovary that continues through to adult differentiation [Shoemaker et al., 2007] ( table 1 ) . Similarly, in the American alligator (Alligator mississippiensis), FOXL2 is expressed before the sensitive period in both FPT and MPT animals. Then, the expression becomes sexually dimorphic in FPT individuals [Janes et al., 2013; Yatsu et al., 2016] ( table 1 ) . Such data would argue for higher FOXL2 expression being a secondary consequence of FPT exposure. In that respect, the temperature would restrictively influence FOXL2 expression, suggesting sequential control between the environment, gene expression, and the female fate respectively.
Birds
FOXL2 has been studied only in chicken where its expression is low and not dimorphic between male and female gonads at embryonic days E4.7 [Govoroun et al., 2004] . Higher activation of chicken FOXL2 expression is then observed in female left and right gonads between E4.7 and E5.7 before reaching a plateau at E6.7. Then by E10.7, a decrease of FOXL2 expression is apparent in the right gonads of females, reflecting the asymmetric gonad development in female chicken. Always in the male gonads, FOXL2 expression, although detectable, is 10-250 times less abundant than in observed female gonads. Interestingly, immunohistochemistry revealed that the FOXL2 protein is localized in the medullar somatic cells of the ovary as well as the aromatase protein while both are absent from the cortical part. FOXL2 expressing cells surrounding the oocytes correspond to the granulosa cells of primordial and primary follicles ( fig. 3 , table 1 ) . It was also shown that FOXL2 is additionally highly expressed in maturing and ovulated oocytes, suggesting a possible additional late role in oocyte maturation. Although significantly lower, expression of FOXL2 was also detected in theca cells ( fig. 3 ) . Interestingly, regardless of the cell types or subpopulations, the gonadal expressions of the avian FOXL2 transcripts and proteins are clearly female-biased and apparently very dynamically regulated toward oocyte maturation.
Amphibians
Foxl2 has not been extensively studied ( table 1 ) in amphibians. In the frog Rana rugosa , Foxl2 transcripts were detected before the onset of sex differentiation in both sexes followed by female dimorphic expression during the sex differentiation period in tadpoles. The Foxl2 protein is localized in somatic cells surrounding the oocytes in the ovary prior to metamorphosis. In adults, Foxl2 mRNA is highly expressed in female frogs, but clear expression is also detected in males [Oshima et al., 2008] . In Xenopus laevis , Foxl2 expression is detected in ZW female individual gonads during the period of first expression of the sex-determining gene DM-W . Then, Foxl2 is expressed in both ZZ and ZW gonads with 5-fold higher expression in ZW individuals. This increasing expression is correlated with ovarian formation [Okada et al., 2009] . Similarly, in the adult wood frog, Lithobates sylvaticus , Foxl2 is expressed in both gonads although a clear dimorphic expression in the ovaries is observed [Navarro- Martin et al., 2012] . Hence, in amphibians Foxl2 is also linked to gonad feminization. It is worth to note that Foxl2 is nevertheless detectable in male adult testis. Its function in this tissue remains elusive.
Teleost Fish Species
In many teleost fish species, foxl2 displays a clear sexually dimorphic expression in the differentiating and adult gonads with higher expressions in ovaries compared to testes [Baron et al., 2004 [Baron et al., , 2005 Wang et al., 2004; Nakamoto et al., 2006; Vizziano et al., 2007] ( table 1 ) . foxl2 expression is predominant in somatic cells of female developing gonads [Nakamoto et al., 2006 [Nakamoto et al., , 2009 Wang et al., 2007] ( table 1 ) . At adult stages, the Foxl2 protein is mainly present in follicular ovarian cells, i.e., granulosa cells and theca cells, surrounding the oocytes ( fig. 3 ) . In male salmonids and seabass, a low but significant level of foxl2 expression is detected by sensitive quantitative methods (RT-qPCR) in the adult testis throughout sexual development [Baron et al., 2004; von Schalburg et al., 2010 von Schalburg et al., , 2011 Crespo et al., 2013] . In zebrafish, Foxl2 expression has been localized to Leydig and germ cells by immunolocalization [Caulier et al., 2015] ( table 1 ) . Medaka foxl2 is clearly expressed in a dimorphic fashion with no testicular expression [Nakamoto et al., 2006] . To investigate the possible role of Foxl2 during medaka ovarian differentiation, the distribution of the Foxl2 protein was analyzed by immunohistochemistry [Herpin et al., 2013] . Throughout the transition of germline stem cells to oocytes the Foxl2 protein is first present in the germline stem cells of the cradle and maintained during meiosis until oogenesis [Nakamoto et al., 2006] . During these early stages of oocyte formation, no Foxl2 protein is detected in the interwoven threadlike ovarian cord cells where the supporting follicular cells reside. In the following steps of oogenesis, the Foxl2 protein is progressively localized in the surrounding cells accompanying oocyte development [Herpin et al., 2013] . In the rest of the ovary, Foxl2 is detected within the follicular cells of the pre-vitellogenic and vitellogenic follicles and then gradually lost while maturation proceeds [Nakamoto et al., 2006; Herpin et al., 2013] . Particularly, Foxl2 is localized in the nuclei of all granulosa cells. Unexpectedly, and in contrast to mammals, a minority of theca cells also expresses Foxl2 in medaka [Herpin et al., 2013] ( fig. 3 ) . Reminiscent of the observations made in birds, the teleost expression data showing foxl2 female-biased early somatic expression, being maintained throughout the transition of germline stem cells to oocytes, as well as in subpopulations of theca cells, would imply conserved functions among the ovarian determining and maintenance pathways in non-mammal vertebrates ( fig. 5 ) .
Protostomes foxl2/3 has also been characterized, for instance, in insects [De Loof et al., 2010] , but overall expression data in protostomes remains scarce. In the pea aphid, Acyrthosiphon pisum , which displays a very unusual reproductive pattern alternating between parthenogenesis and sexual morphs ( fig. 2 ) , RNA-seq data from parthenogenetic (asexual) females, oviparous (sexual) females, and males revealed that the pea aphid foxl2/3 transcript is specifically expressed when females switch to a sexual reproduction mode ( fig. 2 ) . In mollusks, analysis of foxl2/3 expression in the Pacific oyster Crassostrea gigas , Hong Kong oyster Crassostrea hongkongensis , and Black-lip pearl oyster Pinctada margaritifera revealed predominant expression of foxl2/3 in female gonads [Teaniniuraitemoana et al., 2014 [Teaniniuraitemoana et al., , 2015 Zhang et al., 2014; Tong et al., 2015] . In C. gigas , in situ hybridization specifically localized expression of foxl2/3 transcripts in the oogonia and earlydeveloped oocytes of the female ovary as well as in male germ cells from spermatogonia until spermatids of the testis [Naimi et al., 2009] . Somatic gonadal expression has not been clearly observed, in contrast with the follicular somatic cell expression reported in most species ( table 1 ) . The expression pattern of the oyster nevertheless clearly indicates a potential function for foxl2/3 during male gonadal maturation. Similar to C. gigas , in another mollusk, Chlamys farreri , foxl2/3 is also expressed in both gonads but in a dimorphic fashion, with higher expression in the ovary [Liu et al., 2012] . Being mainly expressed at the proliferative stage of developing ovaries, foxl2/3 transcripts are present in follicle cells as well as in germ cells [Liu et al., 2012] . Of note, mRNA localization is also observed in male germ cells of the testis, except for spermatozoa [Liu et al., 2012] ( table 1 ) .
Similar to mollusks, the Chinese mitten crab exhibits a higher expression of foxl2/3 in the nucleus of the oogonia and vitellogenic oocytes during ovarian development and in the nucleus of follicular cells in adults. It is worth noting that foxl2/3 mRNA and Foxl2/3 proteins are con-stantly expressed in the developing and adult testis reinforcing a possible role of foxl2/3 in this tissue [Liu et al., 2015a] ( table 1 ) .
Interestingly, the presence of foxl2/3 has also been reported in the sponge Suberites domuncula [Adell and Müller, 2004] . In that species, a polyclonal antibody raised against Foxl2/3 (Sd-Foxl2) revealed the ubiquitous presence of the protein in the nuclei of all tissues in the sponge as well as in the primmorphs (dissociated in vitro cultured sponge cells) without any sexual dimorphism [Adell and Müller, 2004] ( fig. 5 , table 1 ). These results suggest that despite a high degree of identity between the DNA binding domains of FOXL2 proteins from mammals and Foxl2/3 protein in sponges, sequence homology obviously does not necessarily imply functional homology and conservation of the downstream gene regulatory networks.
Indeed, being ubiquitously present in basal protostomes or expressed in the 'whole' gonads (somatic and germline) of mollusks and insects already indicates that the functional evolution of Foxl2/3 proteins might have paralleled the acquisition of their gonadal cell specific pattern of expression ( figs. 1 , 5 ). Whether this evolution was gradual or sequential and always concerted between function and patterns of expression will be discussed in the following paragraphs.
Expression and Function of Foxl3, Another Key Player of Gonadal Sex Differentiation
The first expression data for foxl3 were reported in rainbow trout, in which foxl3 is expressed in the differentiating female gonad peaking transiently just before and during the first oocyte meiosis; its expression remains undetectable in males [Baron et al., 2004] . In Atlantic salmon and European sea bass adult stages, the expression pattern is somehow different, with foxl3 transcripts predominantly expressed in the testis compared to ovaries [von Schalburg et al., 2010 [von Schalburg et al., , 2011 Crespo et al., 2013] . The onset of foxl3 expression was also observed in immature testes, then decreasing while spermatogenesis proceeds and reaching a minimum when germ cells entered meiosis. In the ovaries of sea bass, both foxl2 and foxl3 are expressed although the expression of foxl3 is much lower [Crespo et al., 2013] . Highest expression was observed in pre-vitellogenic ovaries while steadily decreasing thereafter. Accordingly, it has been suggested that foxl3 could be possibly involved in the onset of oocyte meiosis in females as well as for regulating male testis development or maturation [Baron et al., 2004; Crespo et al., 2013] . Apart from its expression in gonads, foxl3 is also highly expressed in male gills compared to a slight expression in females, and a weak expression is also observed in male spleen and in female hypothalamus examined in European sea bass [Crespo et al., 2013] . Though foxl2 and foxl3 paralogs both encode for transcription factors that likely recognize similar target DNA sequences due to highly similar DNA binding domains, they also display distinct expression patterns in teleosts, pointing out likely non-redundant functions. Interestingly, the poorly conserved C-terminal domain of Foxl3 when compared to Foxl2 might also indicate possible different transactivating properties be- Following the teleost fish genome duplication, some species retained 2 Foxl2 genes, Foxl2a (blue with a black circle) and Foxl2b (blue with a red circle). W = Whole animal (no restricted expression); GO = expression in gonads; Sf = predominant gonadal expression in female somatic tissue; Gc = predominant gonadal expression in germ cells; ? = expression pattern not described.
tween the 2 paralogs [Crespo et al., 2013] . Although specific targets subjected to Foxl3 transactivation have not yet been identified, similar to Foxl2, overexpression of Foxl3 in sea bass ovarian follicular cells notably induced high expression of Lhr [Crespo et al., 2013] . Likewise, expression of other Foxl2-regulated genes was similarly modulated after Foxl3 upregulation, although at much lower levels [Crespo et al., 2013] . Otherwise the intrinsic function of Foxl3 remains elusive.
During the sex differentiation period in medaka, foxl3 is expressed both in female and male gonads [Nishimura et al., 2015] . Transcripts and proteins are first detectable in germ cells of both XX and XY embryos during the onset of gonadal sex determination (stage 35) [Nishimura et al., 2015] , where foxl3 /Foxl3 were localized specifically in a subset of mitotically active germ cells. Whereas foxl3 / Foxl3 expressions remain detectable throughout gonadal development in XX female fish, expressions were not observable anymore in germ cells of XY fish by 10 days after hatching [Nishimura et al., 2015] . Interestingly, foxl3 -/-XX gonads did not develop any oocytes but were rather filled with cystic and meiotic germ cells as well as spermatid-like cells, expressing the sperm-specific marker protamine, at the periphery of the gonads [Nishimura et al., 2015] . On the other hand adult foxl3 -/-XY gonads developed as morphologically and functionally normal testes, indicating that foxl3 is dispensable for male gonadal development and maintenance. Together, these findings indicate that Foxl3 is a germline-intrinsic factor involved in sperm-egg fate decision [Nishimura et al., 2015; Nishimura and Tanaka, 2016] .
The data from the sponge, namely that Foxl2/3 is ubiquitously and not dimorphically expressed in the nucleus of all cell types studied ( fig. 5 ) and neither is regulated in cell culture or in the resting gemmules of that organism, suggest that the primary, ancestral function(s) of this protein are related to basic cellular processes. What those processes are remains to be elucidated. Hence, a handful of studies already stressed the fact that Fox proteins in general might not only act as canonical transcription factors but might also have a broader function in regulating basic cellular functions.
From the Ancestral Function of Foxl2/3 to New Functions of Foxl2 and Foxl3
Rising the question of the ancestral function(s) of Fox genes, it has been observed that many forkhead domain genes from yeast (FKH1 and FKH2) to mammals (FOXO and FOXM1) are not only ubiquitously expressed but are specifically committed to cell cycle regulation and growth [Alvarez et al., 2001; Burgering and Kops, 2002] and therefore might not solely act as 'pure' transcription factors. Into that direction in yeast, FKH1 and 2, after associating with the coding regions of certain genes, coordinate early transcription elongation and pre-mRNA processing by regulating the elongation activity of RNA polymerase II [Morillon et al., 2003 ]. For instance FoxA is able, after binding to its target sites, to open compacted chromatin and allow other transcription factors to bind and regulate gene expression [Cirillo et al., 2002] . It is then clear that, like suggested by Carlsson and Mahlapuu [2002] , the function of the first Fox genes in unicellular or simple multicellular organisms was fundamental in the cell metabolism. Then the metazoan Fox genes have undergone a more recent expansion, coinciding with the evolving anatomical complexity of animal body plans [Carlsson and Mahlapuu, 2002] ( fig. 5 ). Identically, one could reasonably imagine that the diversification of the Foxl2 genes recently observed in vertebrates ( figs. 1 , 5 ) likely permitted specialization of this subfamily toward female gonadal functions.
Another variation when looking at the common theme of Foxl2 expression among metazoans is whether their sexually dimorphic expression was acquired in a stepwise and sequential fashion during the course of evolution ( fig. 5 ). While ovarian somatic expression of foxl2 /Foxl2 is always predominant in vertebrates, testicular mRNA expression is nevertheless detected in many species, including some mammals, birds, and fish, but in these species the Foxl2 protein is often not detectable in testis [Crisponi et al., 2001; Loffler et al., 2003; Govoroun et al., 2004; Cocquet et al., 2005; Pannetier et al., 2006; Herpin et al., 2013] . Such a discrepancy between the testicular expression of the Foxl2 gene and the presence of the Foxl2 protein suggest posttranscriptional or translational regulation mechanisms that could be mediated by antisense RNAs. Natural antisense Foxl2 transcripts (NAT-Foxl2 ) have been described in mouse, scallop, and oyster Naimi et al., 2009; Liu et al., 2012] and could specifically mediate sense transcript silencing after forming RNA-RNA duplexes. Although antisense Foxl2 RNA expression levels were shown to be similar to that of the sense RNA in the gonads of mice and scallop Liu et al., 2012] , data gathered in the oyster suggest that such antisense RNA might indeed be involved in the regulation of Foxl2 [Santerre et al., 2012] . Oyster NAT-Foxl2 is significantly more expressed than Foxl2 in 2-month-old oyster larvae as well as in mature males [Santerre et al., 2012] . Whether this evolutionarily conserved mechanism of Foxl2 protein expression modulation could account for sequential foxl2/3 subfunctionalization and dimorphic functions remains to be investigated.
A Role Outside of the Granulosa Cells?
One of the major roles of Foxl2 during gonadal differentiation and maintenance has emerged via the mutual antagonistic relationship of Foxl2 and Dmrt1, inhibiting each other's transcription [for review see Schartl, 2008, 2015] . Additionally, the strict co-expression of FOXL2 and Aromatase (Cyp19) in the mammalian ovary led to the demonstration that FOXL2 is involved in the regulation of estrogen synthesis via direct transcriptional upregulation of ovarian-type Aromatase [for review see Pannetier et al., 2006] . Interestingly, while FOXL2 has been stated to be a strong inducer of the steroidogenic activity of granulosa cells [Hudson et al., 2005; Wang et al., 2007; Guiguen et al., 2010] , unexpectedly, and in contrast to mammals, theca cell expression of FOXL2 has also been reported in chicken [Govoroun et al., 2004] and medaka [Nakamura et al., 2009; Herpin et al., 2013] . Hence, the canonical view of FOXL2 being the major inducer of Aromatase expression is now seriously challenged ( fig. 3 ) .
In medaka the presence of 2 types of Cyp19a1a-positive theca cells, which are either Foxl2 positive or Foxl2 negative were detected [Herpin et al., 2013] ( fig. 3 ) . In contrast to mammals where ovarian-type aromatase is produced only by granulosa cells, the biological significance of cells expressing both Cyp19a1 and Foxl2 within the thecal layer remains unclear. Whether these indeed represent 2 separated subpopulations of theca cells or just different steps of theca cell differentiation remains to be clarified.
In a similar way, FOXL2 transcripts and protein were both detected in the theca cell layer of the adult chicken ovary [Govoroun et al., 2004] ( fig. 3 ) . In chicken, aromatase transcripts are present only in theca cells of the developing follicles [Oreal et al., 2002] as well as in the external theca layer of maturing follicles [Kato et al., 1995] . FOXL2 has never been detected in chicken granulosa cells, although these cells are known for being a site of specific aromatase expression in mammals. Consequently, and reminiscent of the observations made in medaka, it seems that the area of FOXL2 expression is much broader than that of aromatase. This conclusion not only suggests that aromatase expression is regulated by additional factors besides FOXL2 and that by implication FOXL2 function is not restricted to the control of aromatase, at least in the ovaries of medaka and chicken ( fig. 3 ) .
In that perspective it is interesting to note that birds also have multiple populations of theca cells, some of which are also steroidogenic [Nitta et al., 1991] . In contrast to the main consensus, the discordance of spatial expression patterns of FOXL2 and ovarian-type aromatase (Cyp19a1a) calls into question an exclusive transcriptional regulation of Cyp19a1 by FOXL2 in the ovary of medaka and chicken. This conclusion indicates that FOXL2 is not always required for the maintenance of aromatase expression. On the other hand, several other factors (e.g., testosterone, TGF-β1, TNF-β, and glucocorticoids) have been shown to direct the expression of the aromatase gene in Sertoli, Leydig, and germ cells of rat testis [for review see Bourguiba et al., 2003] .
Conclusion
Based on the recent literature, foxl2 evolution appears much more complex than initially though with multiple genes, i.e., foxl2/3 , foxl2 , foxl2a , foxl2b , foxl2b1 , foxl2b2 , and foxl3 , resulting from different WGDs (VGD1 and/or VGD2, TGD, and SaGD) followed by multiple and independent lineage-specific losses. Such gene complexity goes along with an increasing complexity of expression patterns, probably reflecting a functional evolution and specialization of these genes. However, a few trends emerge from this apparent complexity with for instance the idea that (a) the initial ubiquitous expression of Foxl2/3 in sponges was followed by a progressive acquisition of an important role in gonadal development (like for instance in protostomes) and (b) with an additional specialization of jawed vertebrates Foxl2 and Foxl3. In line with these ideas we proposed a gonadal sub-functionalization scenario for Foxl2 and Foxl3 after the vertebrate duplication of foxl2/3 ; Foxl2 being predominantly expressed in ovarian somatic cells and Foxl3 in male germ cells. Foxl2 and Foxl3 would then have complementary roles during gonadal differentiation. However many questions remain to be solved to be able to link the evolution and the function(s) of all these foxl2 genes. Their precise gene evolution is for instance not well understood, like the presence/absence of Foxl3 in some tetrapod lineages that is still puzzling or the paralogy relationships of foxl2a and foxl2b in teleosts. What are the molecular targets of Foxl3? And do Foxl2 and Foxl3 regulate the same genes or at least the same network of genes? So far the role of Foxl3 has only been demonstrated in fish, but its expression and function should now be explored in some birds, reptiles, or marsupials. Answering these questions may shed new light on Foxl2 and Foxl3 evolution after duplication and on whether they remained major evolutionarily conserved players required for respectively somatic and germinal differentiation of gonadal sex.
